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From the distant twinkle of the 
stars to the glowering fi re of New 
Mexico at midday, fusion powers the 

universe. The Plasma Physics group (P-24) 
is at the forefront of the quest to capture 
this clean, safe, inexhaustible energy source 
here on earth.

In the inertial-confi nement fusion (ICF) 
approach to fusion research, powerful 
lasers squeeze tiny capsules (Figure 1) 
fi lled with deuterium and tritium (rare 
forms of hydrogen) to enormous density 
and temperature to release huge amounts 
of nuclear energy and harmless helium gas: 
deuterium + tritium → helium + neutron. 
This reaction could produce a megawatt of 
power (the same as a typical power plant) 
by burning only six millionths of an ounce 
of fuel per hour. The fuel is separated from 
seawater and is considered inexhaustible 
on conceivable time scales.

Mixed Impurities Reduce Nuclear 
Yield

One unsolved diffi culty standing in the 
way of achieving fusion power is the 
problem of mix. During ICF implosions, 
internal temperatures can be around 140 
million degrees Celsius, which is hotter 
than the core of the sun. The density 
can be 10,000 times what it would be 
at atmospheric pressure. Under these 
conditions, the material that forms 
the shell of the capsule (as well as the 
hydrogen fuel) is stripped of its electrons 
and becomes a highly reactive state of 
matter called a plasma. If this material 
mixes into the fuel, it interferes with 
fusion for several reasons. The heavier 
atoms of the shell are copious radiators, 
like a miniature version of the carbon arc 

searchlights used to light up the sky at 
grand openings. When heated, the heavier 
elements release many electrons, increasing 
the particle density and contributing to the 
pressure of the hot, dense plasma resisting 
the force of the lasers. Thus, a capsule with 
a lot of mix cannot be squeezed down 
to the high fuel density and temperature 
that a clean capsule could. In addition, 
mix dilutes the fuel, so that within the 
100 trillionths of a second or so that the 
burn takes place, fewer of the interparticle 
collisions are between the fuel nuclei, so 

Figure 1. Researchers measure 
the spatial and temporal 
profi les of radiative 
emission from a thin 
titanium shell when 
it mixes during an 
ICF implosion. This 
measurement of the 
emission “color” 
and magnitude will 
constrain different mix 
models. The targets 
are shells of plastic 
with a titanium-doped 
layer on the inside 
surface of the shell. The 
target is fi lled with either 
3 or 15 atm of deuterium. 
Emission from the titanium 
dopant will be used to diagnose the 
conditions in the core.

Figure 1. Researchers measure 

3 or 15 atm of deuterium. 
Emission from the titanium 
dopant will be used to diagnose the 

the burn gives less yield. For these reasons 
(i.e., radiating away the energy needed for 
heating, interfering with compression, and 
diluting fuel), mix diminishes the amount 
of energy we get from ICF implosions. 
To obtain a practical energy source to 
replace fossil fuels, the fusion reaction 
must produce enough energy beyond 
what is required to power the lasers used 
to implode the fuel capsules so that the 
scheme will be economically attractive. 
Mix diminishes energy output, so it’s an 
important part of the economic equation.
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Mix occurs in ordinary states of matter 
(liquids or gases) because the molecules or 
atoms are in ceaseless random movement. 
The nuclei and electrons that comprise a 
plasma are in violently agitated motion 
with the particles traveling long distances 
without colliding. Thus, mix produced 
by random motion is greatly enhanced. 
Unfortunately, this component is only a 
miniscule part of the problem. Figure 2 
depicts the results of a supercomputer 
simulation at a point in time midway 
during an ICF implosion (not necessarily 
our particular experiment). Turbulence 
develops as the capsule converges under 
the pressure from the lasers. Anyone who 
has dropped food coloring into water has 
seen these turbulent swirls and eddies. 
Similar behavior can be seen in the smoke 
from a smokestack or in a pot of boiling 
water. In ICF, the growth of turbulence is 
much more virulent, because the interface 
between a lighter material and a heavier 
material that accelerates it is inherently 
unstable. Many theories exist that attempt 
to model this turbulence behavior. They 
are diffi cult to verify in the ICF regime 
because present diagnostics cannot see the 
individual swirls looking through the edge 
of the spherical capsule, which is less than 
a millimeter in diameter.

Thus, while it is probably not possible 
to eliminate mix entirely, it is crucial to 
understand it. This understanding will 
enable us to mitigate the problem as much 
as we can and also to direct future research 
based on correct predictions.

P-24 Implosion Experiments 
Capture Images of Mix

Recent experiments performed by P-24 
with collaborators from Applied Physics 
Division use a thin layer of titanium on 
the inside surface of a capsule (Figure 1) 
to image mix in the x-ray region. Titanium 
(22 electrons per atom) is used as the 
tracer element because it typically keeps 
at least one electron throughout the 
implosion, even at the core. Therefore, 
it still radiates effi ciently at these high 
temperatures. The distribution of different 
“colors” of x-ray emission depends on 
the density and temperature in whatever 
local vicinity the titanium atoms fi nd 
themselves.

Even if we cannot image the individual 
eddies, our results can still be used to 
reject models that do not match the energy 
distribution of the titanium emission 
versus radius and time.

Figure 2. A supercomputer calculation of turbulent 
mix in an ICF capsule. The shell material is shown 
in red; the yellow in the center depicts the fuel. 
Turbulence develops during the implosion under the 
infl uence of hydrodynamic instabilities.

Figure 3. Time history of the implosion. Time 
increases from right to left along a row, then 
from top to bottom. The circular images in 
the top two rows show the implosion of the 
860 µm diam capsule during the time when 
the driving laser is on. Sixty laser beams 
with 22 million million watts (terawatts) of 
power produce an irradiance of a PW/cm2 (a 
petawatt or a thousand million million watts 
per square centimeter) during a pulse lasting 
a billionth of a second. For comparison, the 
irradiance of the sun on the earth is 0.1 
W/cm2. The capsule is big enough in the 
beginning that the images for successive times 
overlap. The third row shows the inertial 
phase—the lasers are no longer on, but 
the capsule continues to implode. The fuel 
is ultimately compressed to 138 times its 
original density. Nuclear burn of the fuel 
begins 2200 ps after the start of the laser 
pulse. The last row shows an outgoing shock 
wave interacting with the still imploding outer 
part of the shell.
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Figure 4. This time-dependent spectrum obtained in 
an experiment at the Omega laser facility shows the 
history of mixing of titanium from the shell during 
an implosion. Time is along the horizontal axis; x-ray 
radiation from the implosion is spread out along the 
vertical axis by a diffracting crystal, which disperses 
the x-rays according to their energy. Color on this plot 
is used to indicate the relative intensity (exposure) at 
each energy. The bright narrow band at ~ 5000 eV 
is the hydrogen-like titanium alpha line, and the 
helium-like line appears at ~ 4700 eV. The ratio 
of the signals in these lines changes as the titanium 
makes its way into the hot center.

Figure 3 shows x-ray framing camera 
images from our experiments. A framing 
camera produces a “movie” of the 
implosion, much like a movie camera 
produces a reel of fi lm. However, in 
a framing camera, the fi lm remains 
motionless, and the sensitive area 
that forms an image at any instant is 
determined electronically. The earliest 
picture is at the top right. As time 
progresses, the picture moves to the left 
and then down to the right edge of the 
next row. The time interval between 
two successive pictures is 60 ps, which 
corresponds to 17 thousand million 
frames per second. These images show the 
implosion, stagnation, and explosion of a 
capsule. The titanium shows up as brighter 
areas on the fi lm. The interpretation is 
not simple because of the propagation of 
shocks. The increased noise on the fi lm at 
stagnation is due to neutrons produced by 
the burn.

The time-resolved emission spectrum 
shown in Figure 4 is produced by a fl at 
crystal located in front of a streak camera. 
From top to bottom, the radiation is 
separated by energy, or “color.” This is 
similar to the bands of colored light seen 
on a compact disc as it is tilted away from 
a light source. In our experiments, the 
different “colors” of light represent actual 
x-rays of different energies; therefore, a 
crystal is used to spread out the different 
energies. From left to right, the image 

is swept in time. The camera puts the 
information onto an electron beam, which 
makes a picture from left to right in the 
same way that a television screen does. 
This image enables us to calculate the ratio 
of the titanium hydrogen-like alpha line 
(i.e., a transition from the second lowest 
atomic shell to the innermost shell when 
the electron making the transition is the 
last remaining one) to titanium helium-
like alpha (i.e., the same transition when 
the atom still has one other electron 
that does not participate). The ratio of 
emission amplitudes in the two x-ray lines 
is important because the line from the 
hydrogen-like atoms is radiated only from 
the hottest part of the core. The ratio as 
a function of time allows us to watch the 
mixed material migrating into the center.

Conclusion

Our experimental series has just begun, 
so we are only beginning to interpret the 
implications for mix. We plan to carry 
these experiments further to measure 
not only where the mix occurs but also 
how much material is mixed into the fuel. 
We will use a series of capsules with the 
titanium layer buried successively deeper 
from the inside surface of the plastic. At 
the point in this series at which we no 
longer see a titanium signal, we will know 
that the thickness of the layer participating 
in mix is less than the burial depth. We 
continue to formulate refi nements in the 
design of these exciting experiments.
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Controlled fusion in the laboratory 
remains the unfulfi lled grand 
challenge of the nuclear age. 

Fusion ignition of an inertially confi ned 
fuel capsule is a demanding task.1 As in 
building a fi re, the fi rst task is assembling 
the fuel mass; however, for inertial-
confi nement fusion (ICF), this is extremely 
more diffi cult than collecting fi rewood. 
The fusion fuel must be compressed 
to a density of ~ 400 g/cm2, which is 
over 30 times the density of solid lead 
and must be maintained at this density 
while its temperature is raised to over 
200,000,000 K. Fuel assembly begins with 
as high a density fuel as possible—in this 
case, a thin shell of cryogenic deuterium-
tritium (DT) ice at ~ 18 K. The surface of 
the shell, both inside and outside, must 
be smooth to ~ 1 µm,2 and the radiation 
drive, which compresses the fuel, must 
be uniform to better than 1%.1 These 
specifi cations are necessary to prevent 
hydrodynamic instabilities, which, while 
the irradiated capsule wall is compressing 
the fuel within, can rip the wall apart, 
release the fuel, and mix wall material with 
the fuel that remains in the core at the 
central hot spot. Only the highest quality 
compression will result in the density 
and the temperature of fuel necessary for 
ignition. 

The fi rst ablator material to be considered 
for the capsule wall was plastic. However, 
the technical hurdles to be overcome to 
fi eld a plastic shell containing cryogenic 
DT ice are immense and the cost is 
prohibitive (~ $150 million). An alternate 
to plastic, beryllium has higher density, 
which leads to shorter laser drive for 
ignition; lower opacity, which leads to a 
higher implosion velocity; higher tensile 

strength, which allows a DT-fi lled capsule 
to be handled at room temperature; 
and higher thermal conductivity, which 
also relaxes cryogenic requirements.2 
However, crystalline beryllium, a naturally 
anisotropic material, supports different 
sound speeds depending on the direction 
of propagation. As long as a beryllium 
wall remains in the solid state during 
compression for fuel assembly, velocity 
shear at the beryllium-DT interface 
could lead to unfavorable hydrodynamic 
effects, primarily the classical Rayleigh-
Taylor (RT) instability.3 Physics Division 

and Applied Physics Division are 
collaborating in experiments to determine 
the magnitude of this potential problem. 
Meanwhile, Material Science and 
Technology Division is working to reduce 
the size of beryllium grains so that the 
number of grains in the wall with random 
orientation smoothes the effect of non-
uniform velocity fi elds. Eventually during 
the radiation drive, the shock heating of 
the beryllium will cause melt. Then, the 
question becomes whether the material 
retains suffi cient memory of RT behavior 
to spoil the compression.

Figure 1. A gold vacuum 
hohlraum with laser beams 
entering from the left. The 
800 µm diam beryllium 
package is centered on the back 
wall to the right. Gold and 
beryllium plasmas are fi lling the 
target.
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For ignition at the National Ignition 
Facility (NIF), the early-time radiation 
pressure on the beryllium capsule will 
be 1–2 Mbar, exactly in the region for 
beryllium melt. Thus, experimental 
verification of beryllium behavior under 
various drive conditions is important to 
the success of future ignition experiments 
at NIF. We are therefore conducting 
beryllium ablator microstructure and 
stability experiments at the University 
of Rochester’s Omega laser. Our main 
objective is to measure RT-instability 
growth rates in beryllium, first in 
machined sinusoidal perturbations and 
then from individual grains of various 
preselected sizes with “face-on” x-ray 
radiography. RT-instability growth is to 
be stimulated by laser-driven radiation 
in a gold vacuum hohlraum for as many 
growth times as needed to achieve 
detectability. We adopted the preliminary 
goals of 

(1) fabrication, utilization, and 
characterization of a relatively long 
(~ 6 ns) Omega pulse shape (to 
enhance RT-instability growth), 

(2) characterization of the hohlraum x-
ray radiation drive to verify our ability 
to produce a first shock of ~ 1 Mbar 
pressure,

(3) an assessment of the rate of influx of 
gold from the hohlraum wall during 
the drive, and 

(4) acquisition of face-on x-ray 
radiographs to assess requirements for 
effective diagnoses.

Experimental Rational and 
Results

Omega experiments typically last from 
0.5–3 ns, which is insufficient time to 
detect microstructure-induced RT-
instability growth in the beryllium. 
However, the longer the laser pulse, the 
less energy that can be extracted because 
of conversion efficiency problems in 
generating the 351 nm laser light at 
Omega. Our aim was to stagger two 
separate laser pulse shapes to integrate 
the longer drive within our targets.4 

Then, after applying the appropriate 
laser drive to the hohlraum, we had 
to determine whether the measured 
radiation temperature, Trad, and pressure, 
which drive the instability growth in 
the beryllium, matched theoretical 
predictions. Given the pulse length for 
heating the target, gold blowing in from 
the wall has sufficient time to stagnate on 
the hohlraum axis, blocking the later-
arriving x-ray backlighter beam and 
hiding details of the RT-instability growth 
in beryllium, which has a much lower 
opacity than the gold. However, theoretical 
considerations suggest that radiation 
heating of the beryllium sample in the 
hohlraum could form a hot beryllium 
plasma bubble, putting pressure on the 
gold plasma and inhibiting its influx. 
Therefore, our final task was to qualify 
the ability of the vacuum hohlraum to 
maintain high visibility of the beryllium 
package within for face-on radiography.

Following initial laser profile design, 
we worked with Omega personnel 
to create two pulse shapes that when 
combined produced the desired ~ 6 ns 
laser drive. The integrated pulse consists 
of three beams carrying the “foot” of the 
drive for > 3 ns followed by ten 2.5 ns 
triangular-shaped beams, which carry 

the bulk of the energy into the hohlraum. 
The timing of the foot drive and the 
triangular drive must be exact to within 
tens of picoseconds to maintain a smooth 
transition between the two sets of laser 
beams, which are symmetrically placed in 
azimuth around the wall of the hohlraum. 
Figure 1 indicates the placement of the 
laser pulses into the hohlraum target with 
a prediction, arising from a hydrodynamic 
model, for the position of the beryllium 
bubble with the application of over 4 kJ of 
laser energy.

Trad was monitored by Dante, a ten-
channel, filtered-x-ray-diode array.5 
The results were consistent from shot to 
shot and are illustrated in Figure 2 with 
the desired radiation drive. Although it 
appears that Trad is too high initially, the 
Dante measurement is increasingly less 
reliable below ~100 eV. For that reason, 
we also employed VISAR, a velocity 
interferometry system for any reflector6, 
to measure the free surface velocity of the 
beryllium sample, the shock-break-out 
time, and the radiation pressure. The on-
going VISAR analysis shows that during 
the first 3 ns, the radiation pressure is 
indeed about 1 Mbar.

Figure 2. Comparison 
of requested and 
measured Trad.
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A gated x-ray framing camera (XRFC) 
fi ltered for gold M-band emission at 2.5 
keV was used to monitor infl ux of gold 
from the hohlraum walls over the course 
of the radiation drive. Axial images in 
Figure 3 show the radial progress of the 
gold. During the third nanosecond of drive 
(at 10.5 mm on the y axis of Figure 3), the 
slowest component of the gold has moved 
~ 300 µm at a speed of ~ 3 × 107 cm/s. The 
fastest gold ions already appear to have 
stagnated on axis by 4 ns into the drive as 
shown by the black dot in the centers of 
the images. By 5 ns, the gold emission from 
the laser entrance hole (LEH), where the 
crossing laser beams have highest intensity, 
is heavy and uniform. 

To assess the face-on radiography, we 
placed a gated axial XRFC opposite the 
LEH to the right of the beryllium sample 
in Figure 1 and, using M-band radiation 
from the LEH, backlit the beryllium, which 
for the fi rst experiments was machined 
with a sine wave having a 100 µm period 
and an amplitude of 2.5 µm. Figure 4 
shows images from a single strip line from 
the XRFC taken at 5 ns into the laser pulse. 
The RT-instability growth of the sinusoidal 
variations has grown to the threshold of 
visibility as seen in modulations of the 
exposure, and an underexposed region 
near the hohlraum axis is revealed. 
Through analysis of parallax from the 
adjacent pinholes on the strip line, the 
center of mass of this quasi-opaque region 
is found to be one-quarter of the way back 
from the LEH—at exactly the position 
on axis where gold is not illuminated by 
laser beams. This observation provides 
evidence for an extensive beryllium bubble 
blowing out from the beryllium sinusoid, 
but which unfortunately does not reach 
far enough forward to prevent gold from 
obscuring the view.

Future directions

In the 20 laser shots for this campaign 
to date, we have learned that we can 
join different laser pulses together in a 
hohlraum to create a smoothly varying 
6 ns radiation drive to study RT-instability 
growth in beryllium samples. Our fi rst 

effort has apparently resulted in a 1 Mbar 
drive, as measure by VISAR, which Dante 
confi rms reaches ~ 180 eV at its peak, as 
required by theoretical demands. However, 
we have measured the infl ux of gold in 
a vacuum hohlraum and fi nd that it is a 
threat to successful radiography. X-ray 
backlighting of sinusoidally perturbed 
beryllium samples has produced evidence 

of RT-instability growth and of the 
presence of the beryllium bubble, which 
only partially inhibits gold plasma from 
encroaching into the center of the target. 
In the future, we hope to solve the gold 
infl ux problem with gas-fi lled targets, 
for instance, with 1 atm of CH4. Issues 
surrounding the gas-fi lled targets include 
the drive penalty for heating the gas—as 

Figure 3. Gated XRFC images indicate the quasi-three-fold symmetry of the foot drive at 2 and 3 ns. (The 
time for each strip line of the imager is at the right in the fi gure. Time increases at ~2 pt 2 πτ 60 ps/frame, 
right to left.) The ten triangular-drive beams are paired, yielding quasi-fi ve-fold symmetry later in time. These 
ten “turn on” at 3.5 ns.

Figure 4. The 5 ns strip of the XRFC images for Omega shot No. 32652 shows the 100 µm sine wave in the 
beryllium sample and a region of quasi-opacity (~ 12% transmission) shifting from frame to frame because of 
parallax. Gating times (ns) are in red; displacement (µm) is in object plane units.
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much as a few hundred J—and possible 
laser-plasma instabilities. The latter may 
cause backscatter of 10% or more of the 
laser light away from the target. A drop in 
Trad of ~ 10 eV is expected. The overall 
pulse duration might need to be shortened 
to boost the laser energy available for the 
required drive. Hopefully, laser energy 
will be available to evaluate a pulse shape 
for a 2 Mbar drive. We are encouraged 
that an Omega hohlraum environment 
can be created to validate beryllium as 
the material of choice for NIF ignition 
experiments.

Experiments at the Trident Laser 
Facility

Related laser-ablation experiments have 
been performed at the Trident Laser 
Facility at LANL to measure the strength 
of beryllium on a nanosecond time scale. 
The elastic and plastic response was 
monitored with VISAR from the sample 
surface and by in situ x-ray diffraction 
from the shocked beryllium. The effective 
strength was several times greater 
than that on the previously explored 
microsecond scales. These experiments 
also allow us to measure spatial variations 
in response caused by the microstructure 
of the material. Together with the Omega 
results, we are obtaining the detailed 
understanding of beryllium properties 
needed to set requirements for indirect-
drive ignition experiments on NIF.
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Modern ultra-high-intensity 
lasers are able to reach focal 
intensities of the order of 

1018–1021 W/cm2 where laser-plasma 
interactions become relativistic, and 
a variety of new effects emerge into a 
completely new regime of physics. These 
processes include relativistic self-focusing 
of the laser beam, which results in even 
higher intensities, laser-induced particle 
acceleration to MeV energies on a µm 
scale, x-ray lasers, laser-induced nuclear 
physics, and even the production of 
antimatter and other exotic particles. 
These effects can be applied to a variety 
of physics studies and can potentially 
be used for a number of applications. 
Concepts under consideration are next-
generation accelerators, the jump-starting 
of inertial-confi nement fusion with fast 
ignition, various medical applications, 
and laboratory astrophysics. One of the 
three beams of the Trident laser facility 
at LANL has been converted to deliver 
ultrashort laser pulses at the above-
mentioned intensities so that researchers 
can participate in this exciting new fi eld 
at the forefront of today’s physics. This 
beam is used to carry out a program that 
investigates the acceleration of ion bunches 
to MeV energies and MA currents and the 
interaction of these ions with different 
targets.

High-Irradiance Laser-Matter 
Interactions

An ultra-high-intensity laser pulse pointed 
at a solid target always interacts with a 
plasma because of its fi nite contrast ratio. 
Even in a laser with a relatively excellent 
contrast of ~ 10-7 there will be a “pre-

pulse” at 1–2 ns ahead of the main pulse 
with an intensity above 1012 W/cm2, 
which is high enough to instantly create 
a plasma. The main pulse will therefore 
always interact with a plasma and never 
with a solid target. Furthermore, at these 
intensities, the laser-plasma interaction is 
relativistic, i.e., the electrons gain energy 
on the order of their rest mass when 
moving in the electro-magnetic fi eld of the 
laser pulse. The laser transfers energy to 
the electrons and accelerates them in the 
laser-propagation direction through the 
target to multi-MeV energies. This process 
is due to the v × B force from the magnetic 
component of the electromagnetic 

fi eld, which becomes nonnegligible 
when v approaches the speed of light. 
As illustrated in Figure 1, the electrons 
will penetrate a thin foil target, exit out 
the back surface, and set up a virtual 
cathode—a very strong electric fi eld, 
exceeding fi eld strengths of a few 1012 V/m 
(TV/m).

The electric fi eld ionizes the rear surface 
and accelerates whatever ions are situated 
there to energies of many MeV. Protons 
have been accelerated to more than 
60 MeV,1 fl uorine ions to above 100 MeV,2 
and lately high-Z palladium ions to 
220 MeV.3,4 In many beam parameters, 
those ion pulses now exceed those of 

Figure 1. The laser pulse interacts with the pre-
plasma and accelerates electrons to MeV energies. 
These electrons penetrate the target foil and set up 
an MV/µm quasi-static electric fi eld that ionizes and 
accelerates the rear surface atoms. 
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conventionally accelerated ions by orders 
of magnitude, exhibiting pulse durations 
in the subpicosecond range, beam currents 
up to MA, and a transverse emittance 
εt < 0.001 π mm mrad.5 A typical 
conventional accelerator like the CERN 
Super Proton Synchrotron (SPS) has an 
emittance of εt < 1 π mm mrad. These 
parameters have rekindled interest in laser-
accelerated ion beams for applications like 
proton radiography6, isochoric heating7, 
fast ignition8, and next-generation 
accelerators. The major diffi culty for all 
these applications to date has been the 
large energy spread of the laser-accelerated 
ions, which typically exhibit a Maxwellian-
like energy spectrum as shown in Figure 2. 
At LANL, we have demonstrated for the 
fi rst time that quasi-monoenergetic ion 
beams can be generated by controlled 
target treatment before irradiating the 
metal foil target with an ultra-high-
intensity laser. Furthermore, we also show 
the acceleration of a single charge state 

of one ion species directly in the forward 
target-normal direction. The accelerated 
C5+ ion bunch shown in Figure 3 exhibits 
a longitudinal emittance of εl < 2 × 10-

6 π eV s, exceeding that of conventional 
high-current accelerators by orders of 
magnitude. This new result shows the 
strong potential impact that ultra-high-
intensity laser physics can have in many 
other areas of physics. 

Accelerated Ions

Due to the vacuum conditions in ultra-
high-intensity laser experiments, which 
typically are around 10-6 mbar, all target 
surfaces are coated with water vapor and 
hydrocarbon layers, e.g., pump oil. That 
means that no matter what target material 
is used, the outer layer always contains 
protons. Because of its low ionization 
potential and because protons exceed 
every other ion’s charge-to-mass ratio 
by at least a factor of two, they are more 
effi ciently produced and accelerated, drain 
the energy out of the acceleration process, 
and screen the accelerating electric fi eld 
for the heavier particles. Accelerating 
other ions therefore requires the removal 
of the contaminating proton layers. This 
removal was demonstrated by Hegelich 
et al.2 using the 100 TW laser at the École 
Polytechnique LULI research center with 
carbon and fl uorine ions. To achieve our 
goal of mid- to high-Z ion acceleration 
at LANL’s Trident laser facility, we 
implemented the same kind of cleaning 
techniques in our ultra-high-intensity 
laser experiments. Trident delivers pulses 
of up to 30 J in as short as 600 fs, which 
corresponds to a power of ~ 30 TW. As 
such, Trident is currently the highest-
energy subpicosecond laser in the U.S. 
The beam is aimed at an off-axis parabolic 
mirror within a vacuum chamber to focus 
the beam from its initial diameter of 
6 in. down to a 20 µm spot on the target, 
achieving intensities in excess of 
1019 W/cm2. A sketch of a typical setup is 
shown in Figure 4. 

To clean the target, we rely on two 
methods: Joule heating using either a 
strong direct current that is passed through 

the foil or a continuous-wave (cw) laser. 
Both methods are capable of heating the 
target to temperatures in excess of 1000 °C, 
which remove all hydrogen-bearing 
contaminants. With no hydrogen present, 
remaining species on the rear surface are 
ionized by the electric fi eld. The charge 
state with the highest charge-to-mass ratio 
is predominantly accelerated. Experiments 
on the LULI 100 TW laser and on the 
Trident laser successfully accelerated a 
wide range of low-Z ions to multi-MeV/
nucleon energies. Figure 2(a) shows the 
spectra for helium-like beryllium, carbon, 
oxygen, and fl uorine. 

Moving from low-Z ions to mid- or 
high-Z ions proves to be more diffi cult. 
Although contaminants like water 
vapor can be cooked off by heating 
the target, heating cannot clean metal 
oxides, carbides, and nitrides on the 
surface—these contaminants usually 
have binding energies in the eV range. To 
overcome this problem we are working 
on two different approaches. The fi rst 
approach is to use a second pulsed laser at 
relatively low intensity (~ 5 × 1010 W/cm2) 
to ablate the rear surface thus removing 
the contaminating oxides, etc. Although 
this approach worked in principle, the 
technical details are tricky and remain 
a subject of ongoing study. The second 
approach is to use a “magic” material that 
does not form oxides or other compounds. 
This approach is the easier solution, 
however, it limits the available target 

Figure 2. (a) Typical low-Z ion spectra from both the 
LULI 100 TW laser and Trident. (b) First mid-Z ion 
spectra [palladium(22+), Z = 46] from Trident.

Figure 3. Measured ion energy spectra and 
simulations using BILBO.
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materials. One such “magic” material 
is palladium. With an atomic mass of 
106, palladium (Z = 46) does not easily 
form oxides. As shown in Figure 2(b), we 
succeeded for the fi rst time to accelerate 
a mid-Z material into a multi-MeV/
nucleon-ion bunch using an ultra-high-
intensity laser. In future experiments, we 
hope to improve this result, increasing 
the energy and the particle number and 
achieving greater control of the beam 
properties, e.g., ballistic focusing as shown 
in Figure 3. Once these goals are achieved, 
the palladium beam can be used to study 
isochoric heating in matter, effectively 
recreating in the laboratory conditions that 
are otherwise only found in the interior of 
large Jovian-like planets.

Monoenergetic Ions and 
Modeling

As mentioned earlier, we were the fi rst 
to accelerate a monoenergetic MeV-ion 
bunch with a laser. When heating the 
palladium target to remove the hydrogen, 
a thin monolayer layer of carbon atoms 
remained at the rear surface. Because these 
carbon layers are very localized, all carbon 
atoms see the same fi eld at the peak of the 

pulse and are ionized to the same charge 
state and instantly accelerated. As the fi eld 
decreases after ~ 100 fs, all the carbon 
atoms are at the front of the ion expansion, 
in a position trailing the hot electrons, 
which effectively conserves their volume in 
phase space. The full width half maximum 
of 0.5 MeV per nucleon in the Thomson 
parabola spectrum shows a longitudinal 
emittance of this C5+ bunch smaller than 
2 × 10-6 eV seconds—about six orders of 
magnitude better than for the CERN SPS. 

We have used the 
one-dimensional 
hybrid code 
BILBO (Backside 
Ion Lagrangian 
Blow-Off) to help 
us understand 
this result. BILBO 
solves a Vlasov-
Maxwell system 
analytically, 
calculating 
the boundary 
conditions for a 
nonlinear Poisson 
solver. The 
solver yields the 
electron density 

and electric fi elds and propagates the 
ions as kinetic particles. The code uses a 
threshold ionization model with atomic 
data for ionization energies of carbon 
and palladium and hot-electron-cooling 
models to account for the extraction of 
energy used to accelerate the ions. Using 
BILBO, we reproduced the measured 
spectra qualitatively (Figure 3) and seek 
to derive better models to understand and 
optimize beam production. 

Conclusion

Future experiments will be directed 
towards better understanding of the 
underlying acceleration physics and 
towards the use of the accelerated ions 
for a number of different applications. 
Because of the modest integrated energy 
of the ions, they must be focused to 
one point, which can be achieved by 
using curved targets (Figure 5). The 
long-term goal of our project is to study 
transport and stopping mechanisms of 
high-current ion beams in cold, dense 
plasmas. These experiments require the 
use of Trident’s other beam lines to create 
the target plasma while the short-pulse 
beam generates the ion pulse. For these 
experiments and for other short-pulse 
physics applications, more energy in the 
short-pulse beam is desirable and in some 
cases even necessary. Therefore, the Trident 

Figure 5. Ballistic focusing of a laser accelerated ion beam into a secondary target. The secondary target will 
be heated isochorically to high temperatures while remaining at high density, recreating conditions found in the 
core of Jovian-like planets.

Figure 4. Typical setup of a laser-ion-acceleration experiment. The target is typically a ~ 10 µm thin metal foil, 
the diagnostics consist of various fi lms, track detectors, and spectrometers. A green cw laser is used to clean the 
target of hydrocarbon contaminants.
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short-pulse arm will be upgraded over the 
next 18 months to deliver pulses of ~ 115 J 
in less than 500 fs. This 200 TW upgrade 
puts Physics Division even more fi rmly at 
the forefront of modern science and opens 
new opportunities for programmatic 
research. It keeps Trident among the best 
of the existing short-pulse lasers in the 
world and makes even more exotic new 
physics accessible.
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Inertial-electrostatic-confi nement 
(IEC) systems provide an economical 
and technologically straightforward 

means to produce fusion reactions in a 
table-top device.1,2 IEC devices confi ne 
a plasma in a potential well created by 
electrostatic fi elds or a combination of 
electrostatic and magnetic fi elds. The 
fi elds can be produced either by grids or 
by virtual cathodes, typically in spherical 
or cylindrical geometry. The fi elds 
accelerate ions towards the center of the 
device, where fusion reactions can occur 
(Figure 1). The technological simplicity 
of the IEC system was the basis for its 
early success—it produced a steady-state 
neutron yield of 2 × 1010 neutrons/s in the 
late 1960s.3 

Applications

One of the most promising applications 
for an IEC-based neutron source is the 
active nuclear assay of highly enriched 
uranium and high explosives (HE), such 
as landmines. High-energy neutrons (e.g., 
14.1 MeV neutrons from deuterium-
tritium [DT] fusion reactions) have the 
ability to penetrate shielded materials 
very effectively. For example, Monte Carlo 
neutron and photon (MCNP) transport-
code calculations indicate that 14.1 MeV 
neutrons can penetrate soil as deep as 1 m 
and detect HE, such as landmines. We are 
currently working with a private company 
to develop a compact and economical 
intense neutron source based on the IEC 
system. The enhanced-detection capability 
of the IEC-based neutron source, 
compared to natural radiation sources, 
could provide cutting-edge technology 
for homeland defense and humanitarian 
causes.

Periodically Oscillating Plasma 
Sphere

Though useful for practical neutron 
sources, the existing IEC fusion devices 
suffer low fusion yields, ~ 0.01% of input 
power. This is because the Coulomb-
collision cross section is much greater than 
the fusion-collision cross section by several 
orders of magnitude. The ion beams in 
the IEC device rapidly lose the energy 
by Coulomb collisions before producing 
fusion reactions, leading to a net loss in 
energy.

Figure 1. Grid-based IEC device. Fusion reaction 
occurs in the center region where the high-energy ions 
converge. The dynamics of a periodically oscillating 
plasma sphere (POPS) oscillation are shown as an 
(a) implosion, (b) compression, and (c) expansion.

Inertial-Electrostatic-Confi nement 
Fusion Device

(a)

(b)

(c)
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A new electrostatic plasma equilibrium 
that should mitigate this problem has been 
proposed by LANL theorists4 and recently 
confi rmed experimentally.5 This concept 
requires uniform electron injection into 
the central region of a spherical device to 
produce harmonic oscillator potential. An 
ion cloud (referred to as the Periodically 
Oscillating Plasma Sphere, or POPS) 
in such an environment will undergo 
harmonic oscillation with an oscillation 
frequency independent of amplitude. 
Tuning the external radio-frequency (rf) 
electric fi elds to this naturally occurring 
mode allows the ion motions to be phase-
locked. This simultaneously produces very 
high densities and temperatures during the 
collapse phase of the oscillation when all 
the ions converge into the center. Solutions 
to POPS oscillation have the remarkable 
property that they maintain equilibrium 
distribution of the ions at all times. This 
would eliminate any power loss due to 
Coulomb collisions and would greatly 
increase the neutron yield up to more than 
100%, resulting in a net energy gain for 
fusion-power generation. 

In a practical embodiment, 
the POPS system would 
use a massively modular 
system to achieve high-
mass-power density as 
shown in the conceptual 
drawing in Figure 2. 
Such a device would 
contain thousands of tiny 
spherical IEC reactors 
within a single reactor 
vessel to produce a large 
amount of fusion power 
(i.e., ~ 100–1000 MW). 
A modular IEC device 
would have very high-

mass-power density, 
comparable to a 
light-water reactor, 
while maintaining 
conventional wall 

loads (~ 1 MW/m2) 
and being economically 
competitive with other 
sources of power. 

First Experimental Confi rmation 
POPS Oscillation

The POPS oscillation has been 
experimentally measured for the fi rst 
time, confi rming the scientifi c basis for a 
POPS-based fusion device. The harmonic 

potential well is created by electron 
injection.6 Ions in the potential well 
undergo harmonic oscillation. By applying 
rf fl uctuation to the grid voltage, we were 
able to phase-lock the POPS oscillation 
and to measure the resonance behavior 
of the ions. Mathematically, ion dynamics 
during the driven POPS oscillation 
are equivalent to the driven harmonic 
oscillatior as described by the Mathieu 
equations. The ions can gain a large 
amount of energy from a small external 
perturbation when the driving frequency 
is equal to the resonance frequency. The 
ion orbits become unstable, and ion loss 
from the potential well is enhanced. In 
the experimental setting, the enhanced 
ion loss compensates the background 
ionization and extends the lifetime of 
the potential well. On the other hand, rf 
fl uctuation outside the POPS resonance 
frequency makes little impact to the 
ion loss. This resonance behavior of ion 
dynamics is shown in Figure 3, where the 
temporal variation of the plasma response 
is measured for various rf frequencies. 
Without rf fl uctuation, the lifetime of 
the potential well is very short, ~ 0.5 ms, 
due to signifi cant background ionization. 
By applying small rf fl uctuation (~ 4 V 
amplitude compared to a direct-current 
[dc] bias voltage of 250 V) at POPS 
frequency, the lifetime increases greatly 

In a practical embodiment, 
the POPS system would 
use a massively modular 
system to achieve high-
mass-power density as 
shown in the conceptual 
drawing in Figure 2. 
Such a device would 
contain thousands of tiny 
spherical IEC reactors 
within a single reactor 
vessel to produce a large 
amount of fusion power 
(i.e., ~ 100–1000 MW). 
A modular IEC device 
would have very high-

Figure 2. Penning trap modular IEC device for a high mass power density 
fusion reactor.

Figure 3. Temporal evolution of plasma potential at the center. The potential well lifetime is extended by 
applying rf fl uctuation to the inner grid bias voltage at POPS frequency.
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to ~ 2.5 ms. In comparison, rf fl uctuation 
outside the resonance frequency changes 
the lifetime only slightly. 

The frequency at which the POPS 
oscillation is found scales as fPOPS = (√2/π)
*(Vwell/r

2
wellMion)0.5. In using a harmonic-

oscillator analogy, the ion mass provides 
the inertia, whereas the curvature of 
potential well is equal to the coeffi cient 
of the restoring force. Because this was 
the fi rst time that the POPS oscillation 
has ever been experimentally observed, 
extensive efforts were made to verify the 
POPS frequency scaling as a function 
of the well depth and the ion mass. As 
shown in Figure 4, excellent agreement 
was obtained between the experiments and 
the theory, confi rming that the observed 
resonance is the ion mode associated with 
the POPS oscillation. The potential well 
depth was controlled by varying the dc 
component of the inner-grid bias, whereas 
the well radius is fi xed by the inner-grid 
dimension. Note that the well radius was 
estimated as rwell = rgrid + λDeff, where λDeff 
is the effective Debye length to account for 
the Debye shielding. We also varied the 
fi ll gas, using three different ion species, 
H2

+, He+, and Ne+ to investigate the POPS 
frequency scaling.

Particle Simulation of POPS 
Plasma Compression

One of the most signifi cant issues facing 
a fusion device based on POPS is the 
plasma compression, which determines 
the achievable fusion rates. In the case of 
deuterium-deuterium (DD) fuel, a radial 
plasma compression of 25 is suffi cient for 
active nuclear assay, whereas the neutron 
tomography would require a compression 
of 100. In comparison, a practical fusion-
power plant would require a compression 
of 2000 for DD fuel but less than 100 for 
DT fuel. One factor that greatly affects 
the compression ratio is the extent of 
space-charge neutralization. Inadequate 
space-charge neutralization can cause 
self-repulsion of the ion cloud during the 
collapse phase, limiting the compression. 

A gridless particle code of one dimension 
in space and two dimensions in velocity 
space has been developed to investigate 
the space-charge neutralization during 
POPS compression.7 Figure 5 shows the 
radial profi les of ion density and plasma 
potential during POPS compression. The 
results in the left are from the expansion 
phase of POPS oscillation. The ion density 
profi le is Gaussian in space, and the plasma 
potential profi le matches the required 
harmonic oscillator potential for ions, 
produced by constant electron injection. In 
the middle, the ion density and the plasma 
potential during the collapsed phase 
of POPS oscillation are shown. A large 
distortion of plasma potential is due to the 
insuffi cient space-charge neutralization 
and ion self-repulsion during the POPS 
compression. This has limited the radial 
plasma compression to only 6.3. In 
comparison, the results on the right come 
from the case where we modulate the 
initial velocity distribution of injected 
electrons as a function of time to improve 

Figure 4. Comparison between the experimentally measured resonance frequencies due to POPS oscillation 
(points) and the theoretical calculations (lines) as a function of potential well depth and ion mass.

the space-charge neutralization. This 
simple remedy helped to improve the 
space-charge neutralization in the core 
during the collapse phase. A radial plasma 
compression of 19 has been obtained, 
resulting in the ion-density enhancement 
of ~ 10,000 in the core as compared to 
the expansion phase. Currently, we are 
investigating a method, proposed by Louis 
Chacon (Plasma Theory Group, T-15), 
to correctly modify the injected electron 
distribution to eliminate the space-charge 
neutralization problem and to improve the 
plasma compression.

Conclusion

The IEC Team in our Plasma Physics 
Group (P-24) and T-15 is working on 
developing practical fusion devices 
based on an IEC scheme. The recent 
experimental confi rmation of the 
POPS oscillation and successful plasma 
compression in a particle simulation has 
provided solid scientifi c foundation for 
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Figure 5. Radial profi le of ion density and plasma potential during POPS oscillation from the one-dimensional particle code. The profi les on the left (top and bottom) 
come from the expansion phase, whereas the profi les in the center (top and bottom) and on the right (top and bottom) come from the collapsed phase. See the main 
text for a detailed description.

further exploration of this promising 
fusion device concept. This exploration 
will include direct experimental 
measurement of plasma compression and 
fully two-dimensional particle simulations 
of POPS dynamics. Successful plasma 
compression of at least 50 will be followed 
by a demonstration of nuclear fusion 
reactions using POPS.
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As a primary objective, researchers 
in Physics (P) Division’s Plasma 
Physics Group (P-24) want to 

minimize U.S. energy dependency on 
foreign resources through experiments 
incorporating a plasma-assisted 
combustion unit. Under this broad 
category, researchers seek to increase 
effi ciency and reduce NOx/SOx and 
unburned hydrocarbon emissions in 
internal-combustion engines, gas-turbine 
engines, and burner units. To date, the 
existing lean-burn operations, consisting 
of a higher air-to-fuel ratio, have 
successfully operated in a regime where 
reduced NOx /SOx emissions are expected 
and have also shown increased combustion 
effi ciency (less unburned hydrocarbon) 
for propane. By incorporating a lean-burn 
operation assisted by a nonthermal-
plasma (NTP) reactor, the fracturing 
of hydrocarbons can result in increased 
power, combustion effi ciency, and stability 
in the combustion system.

NTP units produce energetic electrons but 
avoid the high gas and ion temperatures 
involved in thermal plasmas. One NTP 
method, known as a silent discharge, 
allows free radicals to act in propagating 
combustion reactions, as well as 
intermediaries in hydrocarbon fracturing. 
Using NTP units, researchers have 
developed a fuel activation/conversion 
system that can decrease pollutants 
while increasing fuel effi ciency, thus 
providing a path toward future U.S. energy 
independence.

Background

Combustion processes impact many 
aspects of modern life. They provide 
propulsion for automobiles, aircraft, 
and ships; generate electricity; and 
heat homes, water, and commercial 
buildings. Maximizing the effi ciency of 
these combustion processes to conserve 
fuel and reduce pollution is of vital 
importance. 

Over the past fi ve decades, many attempts 
have been made to improve combustion 
using an electric fi eld, which can affect 
fl ame stability, fl ame propagation speed, 
and combustion chemistry.1,2 However, 
the magnitude of the electric fi eld in 
these experiments was insuffi cient to 
generate plasma. Thermal plasmas, which 
are usually less effi cient and selective 
in directing electrical energy into the 
promotion of chemical reactions, have 
been applied to combustion over the past 
three or more decades with some success3, 
in particular, to convert air-fuel mixtures 
(into H2 and CO)4, to increase internal-
combustion engine effi ciency, and to 
reduce NOx.

NTPs are potentially more useful tools 
for promoting combustion. In NTPs, the 
electrons are energetic (“hot”), whereas 
ions and neutral gases are near ambient 
temperature (“cool”), which results 

in little waste enthalpy (heat) being 
deposited in a process gas stream. Typical 
electron temperatures in such plasmas 
are at about a few electron volts, which is 
suffi cient to break down the fuel and to 
produce free radicals.5 We consider the 
silent electric discharge6, also known as 
a dielectric barrier discharge (DBD), as a 
very promising candidate for combustion 
enhancement. In 1983, Inomata et al.7 
demonstrated increases in fl ame speed 
when a DBD is applied upstream of a 
methane-air fl ame. More recent work 
performed by Cha et al.8 showed that 
applying a DBD to the fl ame region results 
in a decrease in fl ame length and reduced 
soot formation.

Our new technology, based on NTPs,  
pretreats fuels (not fuel-air mixtures) just 
before combustion.9 In our technique, 
fuels are broken down (cracked) into 
smaller molecular fragments, boosted 

Plasma-Enhanced Combustion of 
Propane using a Silent Discharge

Figure 1. Schematic diagram of the experimental 
setup for blowout and combustion product studies, 
employing a coaxial DBD reactor.
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into reactive excited states, or made into 
“free-radicals.” The “activated” fuel is 
then mixed with air and combusted. This 
technology allows for very “lean-burn” 
modes of combustion highly desirable for 
reduction of NOx. “Proof of principle” 
has been demonstrated in experiments 
using propane as the fuel in a fl ame-based 
burner. We investigated the effects of the 
plasma on combustion by examining 
combustion stability under lean-burn 
conditions, observing increases in fl ame 
propagation speed by photograpy, and 
sampling and analyzing the gas residues 
from combustion.

Hypothesis for NTP Combustion 
Enhancement

Conventional propane-air combustion 
begins with spark ignition, whereby a 
spark thermally decomposes the propane-
air mixture to produce free radicals and 
other reactive species. Burning then 
continues by the propagation of the 
reactive species generated by the heat 
of combustion. The overall combustion 
reaction rate is usually determined by 
how effi ciently new reactive species are 
generated in the propagating fl ame front. 
However, the self-generation of reactive 
species is sometimes insuffi cient to sustain 
combustion under certain conditions, for 
example, during lean-burn operation.

NTP “activation” can be used to 
continuously convert atomized-liquid or 
gaseous fuels into reactive species, so that 

combustion does not rely on the self-
generation of reactive species. The main 
possible mechanisms for fuel-cracking and 
fuel-activation (creation of more reactive 
species) are based on electron-impact 
processes, such as dissociation, dissociative 
ionization, vibrational excitation, and 
electronic excitation of the parent fuel 
molecule. Under an electron impact, 
propane is also ionized into multiple 
species, and these species then further 
fragment into smaller molecular ions.

Experimental Setup

We used two different NTP/DBD reactors 
for our investigations: one for lean-
burn operation and exhaust-gas species 
determination and a second for fl ame-
propagation observations. A schematic 
diagram of the fi rst experimental setup9 
is shown in Figure 1. Air fl ows through 
a grounded tubular inner electrode 
(diameter of 0.96 cm). Propane (C3H8) 
fl ows through the annular gap between the 
inner electrode and an alumina ceramic 
tube (inner diameter of 1.9 cm). The 
ceramic tube is surrounded by a cylindrical 
metal outer electrode, which is powered 
by a high-voltage alternating-current 
transformer operated at about 450 Hz to 
match our propane DBD reactor. An NTP 
was formed in the propane stream, thus 
activating the fuel. The inner electrode is 
shorter than the ceramic tube, so there is 
a region (of variable length, but generally 
< 14 mm) where the fuel and air partially 
mix before being ignited. A ceramic nose-
cone shapes the electric fi eld at the end of 
the reactor to prevent arcing.

We used the reactor shown in Figure 2 
for our fl ame-velocity observations.10 In 
this experiment, the outer, high-voltage 
electrode was a piece of copper mesh. The 
mesh surrounded a quartz tube with an 
inner diameter of 12.5 mm. The inner 
electrode was a grounded stainless-steel 
tube having an outer diameter of 9.5 mm. 
Propane fl owed in the annual region 
between the inner electrode and the quartz 
tube, while the air fl owed down the center 

of the inner electrode. The ends of the 
electrodes and the end of the quartz tube 
were separated by a 6 cm mixing region. 
By using a relatively long mixing region, 
we were able to eliminate any effects of the 
electric fi eld on the fl ame. The air- and 
propane-fl ow rates were set to 4.6 and 
0.3 lpm, respectively, to fi x the equivalence 
ratio at 1. At an equivalence ratio of 1, 
combustion is stoichiometric, or ideal, so 
the propane should be entirely consumed.

The power deposited into the plasma 
was measured using Lissajous diagram 
techniques (charge-voltage plot).11 Other 
diagnostics included two thermocouples to 
measure inlet and outlet gas temperatures, 
a digital camera to take photographs of 
the fl ame, and a residual-gas analyzer 
(RGA) equipped with a quadrupole 
mass spectrometer to measure the partial 
pressures of combustion by-products.

Experimental Results

Infl uence of Plasma on Flame Blowout 
Limits. We conducted blowout tests by 
holding the propane fl ow constant and 
increasing the air-fl ow rate until the 
fl ame blew out.12 The blowout air-fl ow 
rate is an indicator of fl ame stability, and 
a high-blowout air-fl ow rate shows that 
combustion continues to occur under 
lean-burning conditions. Figure 3 shows 
the minimum blowout air-fl ow rates 
of an inverse, partially premixed fl ame 
for propane-fl ow rates between 0.2 and 
0.8 lpm. The number associated with each 
data point in the plot corresponds to the 
equivalence ratio φ13,

(1)

which is a standard measurement of 
combustion. In the absence of a plasma, 
the blowout limit of a propane fl ame 
increases with the propane-fl ow rate and 
begins to saturate at a propane-fl ow rate 
of  0.6 lpm. When 10 W discharge power 
is applied to the fuel, the blowout limit 
shows a large increase for low propane 
fl ow (and low equivalence ratio). However, 

Figure 2. A coaxial silent 
discharge reactor, confi gured 
for photography.
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the plasma benefi t decreases as the 
propane fl ow increases, and for propane 
fl ow > 0.6 lpm, the blowout rate actually 
decreases in the presence of a plasma. This 
is not necessarily detrimental because 
low-equivalence-ratio systems show 
large decreases in pollutant production, 
especially NOx, and are of great practical 
interest. In this experiment, the discharge 
power was held constant (10 W) while the 
propane-fl ow rate was increased. Thus, the 
discharge energy density ε,

(2)

deposited into the propane decreased 
as the propane-fl ow rate increased. For 
example, at a propane-fl ow rate of 0.3 lpm, 
the discharge energy density was equal to 
2 kJ/L, whereas at a propane-fl ow rate of 
0.8 lpm, the discharge energy density fell 
to 0.75 kJ/L. Thus, the magnitude of the 
discharge energy density seems to affect 
the blowout limit of a propane fl ame. 
More experiments will be performed to 
correlate the combustion enhancement 
with the discharge energy density.

Combustion By-products. The 
concentrations of gaseous products of 
combustion were measured with the RGA. 
Mass fragments of particular interest are 
atomic masses 26 (C2H2), 27 (C2H3), 39 
(C3H3), and 43 (C3H7). During operation, 
the fl ame was ignited and allowed to burn 
without plasma for two minutes. Then 
the power supply was turned on, and the 
activated fuel burned for two minutes. 
This procedure was repeated several times 
to test the repeatability of any enhanced 
combustion provided by the plasma.

Figure 4 shows typical data (with one 
mass fragment, M = 43 shown).12 The 
partial pressure of the propane fragments 
decrease while water and carbon dioxide 
(both common hydrocarbon combustion 
products) increase when the plasma is 
turned on. The plateaus at the end of the 
traces are the result of extinguishing the 
fl ame—these are the partial pressures in 
the absence of any combustion. It is clear 
that the plasma signifi cantly decreases 

the partial pressure of 
unburned hydrocarbons, 
indicating that propane 
is being burned more 
completely.

Flame Propagation 
Speed. The photographs 
displayed in Figure 5 
were taken with a Canon 
PowerShot S45 digital 
camera with ISO 400, a 
focal length of 17.5 mm, 
an aperture of f/8.0, 
and a shutter speed 
of 0.8 s.10 The images 
focus on the propane-air 
mixing region —the end of the quartz tube 
is visible at fi ducial (1), and the purple 
glow at fi ducial (2) is the edge of the outer 
electrode. 

The progressively higher-power propane 
plasma’s effect on the fl ame is shown in 
Figure 5. Figure 5(a) shows a propane-
air fl ame in the absence of plasma. The 
application of even a relatively low-power 
4 W plasma, as shown in Figure 5(b), 
improves the fl ame symmetry, a marker of 
stability. In both 5(a) and 5(b), the fl ame 
propagates upward only, although at an 
equivalence ratio of 1, it can theoretically 
propagate downward.14 The latter 
indicates that the fl ame propagation rate is 
insuffi cient to overcome the upward fl ow 
of the propane-air mixture. When a 6 W 
propane plasma is created, as shown in 
Figure 5(c), the fl ame begins to propagate 
downward. As larger fi elds are applied to 
the propane gas, creating higher-power 
plasmas, downward propagation becomes 
increasingly pronounced, as shown in 
Figures 5(d)–(f). The changes in the 
fl ame’s ability to propagate downward 
suggest that the fl ame-propagation rate 
increases with plasma power.

The fl ame propagates more quickly 
because it is igniting and burning faster. 
This combustion enhancement may result 
from the improved cracking of propane, 
the creation of reactive radicals, or 

Figure 3. Effect of plasma on the blowout air-fl ow 
rate for propane fl ame. Combustion enhancement is 
indicated by the increment of the blowout limit when 
the plasma is on.

hydrogen generation. As discussed above, 
all of these factors likely play a role in 
combustion enhancement, but the relative 
importance of each is unknown. In the 
near future, we plan to use mixing regions 
of varying lengths to better understand the 
role of reactive radicals.

Conclusion

We have shown that silent-electrical-
discharge-generated NTP can be used 
to activate propane fuel, signifi cantly 
enhancing combustion in an activated 
propane-air mixture, as determined by 
mass spectrometric measurements of 
combustion-effl uent gas concentrations. 
The plasma energy density required to 
achieve such enhancement is modest, of 
order 100s of J/L. Also, visual observations 
of activated propane-air fl ames indicate 
an increased spatial stability of the fl ame, 
increased blowout limits (leaner burn), 
and increased fl ame propagation speed. If 
applications to other fuels (e.g., gasoline, 
diesel, jet fuel) are successful, NTP-assisted 
combustion may prove to be highly 
benefi cial to the energy needs of modern 
society.
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Angular momentum transport 
and dynamo effects are two 
plasma physics problems 

that bear on fundamental unsolved 
astrophysical mysteries. Understanding 
angular momentum transport in weakly 
magnetized plasmas is important in 
determining, for example, the details of 
how galaxies form and evolve starting 
from nebulous clouds of matter. A 
solution to the dynamo problem will tell 
us how magnetic fi elds in the galaxy are 
created and amplifi ed. Researchers in 
Physics Division’s P-24 Plasma Physics 
Group have developed a laboratory plasma 
experiment to investigate these two plasma 
physics problems.

The problem of angular momentum 
transport is critical for understanding 
the rate at which matter collapses 
gravitationally to form compact objects, 
such as black holes, in the universe. If this 
happens too quickly, there will be far too 
many black holes in the universe; however, 
if this happens too slowly, then galaxies 
and stars and planets would never form. 
Because angular momentum conservation 
is a robust principle in physics, 
gravitationally collapsing globs of matter 
tend to become spinning disks in order to 
conserve their initial angular momentum. 
These “accretion disks” are ubiquitous in 
the universe and exist in the centers of 
galaxies (Figure 1), around binary star 
systems, and are an evolutionary step 
in the formation of solar systems. For 
matter to “accrete” or fall inward toward 
the gravitational center of a system, the 
angular momentum must be transported 
away via friction within the accretion disk 
plasma. However, for decades the rate at 

which matter spiraled inward for many 
accretion disk systems was a mystery 
because of the inconsistency between the 
amount of friction thought to exist and the 
observationally inferred rates of accretion. 
The rate of interparticle collisions in disks 
generally cannot account for the necessary 
frictional forces. However, in the early 

1990s, Balbus and Hawley1 realized that 
a weak magnetic fi eld in an accretion 
disk can lead to a plasma instability, the 
magnetorotational instability (MRI), 
which was fi rst discovered in the 1950s. 
This instability could create magnetic 
turbulence, which can lead to the necessary 
frictional forces needed for the mass 

Figure 1. (a) Ground-based composite optical/radio view of elliptical galaxy NGC4261 with opposed jets 
emanating from galactic nucleus. (b) Hubble Space Telescope image of the core of NGC4261, showing a giant 
disk of cold gas and dust fueling a possible black hole. The dark, dusty disk represents a cold outer region that 
extends inwards to an ultrahot accretion disk within a few hundred million miles of the suspected black hole. 
(Credits: National Radio Astronomy Observatory, Caltech; Walter Jaffe/Leiden Observatory; Holland Ford/
JHU/STScI; and NASA)
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in an accretion disk to fall towards the 
central object. Over the past decade, much 
theoretical and computational research has 
advanced our understanding of the MRI 
and its ability to lead to increased friction 
in rotating disks of plasma. However, this 
instability has not been observed yet in 
plasma experiments, providing a strong 
motivation for this work.

The dynamo problem is another 
astrophysical holy grail: how are magnetic 
fi elds created and amplifi ed on galactic 
scales to their observed values? Many 
kinds of dynamos exist, but the kind 
we are concerned with here involves 
conversion of kinetic energy in plasma 
fl ows to magnetic fi eld energy via electrical 
currents created by the fl owing plasma.2 
This process is thought to occur in galactic 
accretion disks, which can be thought of 
as magnetic engines that fi ll intergalactic 
space with magnetic energy. Again, much 
theoretical and numerical simulation 

research has been done on the dynamo 
problem in recent decades, with very 
little experimental verifi cation and tests. 
Recently, however, dynamo action was 
observed in a liquid-metal experiment.3 
The experiments in P-24 will try to create 
dynamo action in a plasma experiment for 
the fi rst time.

Experimental Setup

In P-24’s Flowing Magnetized Plasma 
(FMP) experiment, researchers generate a 
plasma using a “coaxial gun” source, which 
was recycled from magnetic fusion energy 
research at LANL in the 1980s. The coaxial 
gun, which consists of two concentric 
cylinders, is mounted on one end of a 
large, cylindrical metal vacuum chamber, 
as seen in Figure 2. Gas is injected into 
the unit, and a voltage of up to 1 kV 
is applied across the gap between the 
cylinders. The gas then breaks down into 
a plasma as electric current up to 200 kA 

fl ows from one gun electrode through the 
plasma to the other electrode. The plasma 
fl ows down the long axis of the vacuum 
chamber and rotates azimuthally due to 
electromagnetic forces. By controlling 
the plasma density and temperature, the 
plasma rotation profi le, and the magnetic 
fi eld strength, the experiment is expected, 
based on numerical calculations, to 
operate in regimes in which both the MRI 
and dynamo can be observed and studied. 

Experimental measurements of magnetic 
fi eld, electron density and temperature, 
and ion-fl ow speeds are required to 
characterize the plasma confi gurations 
created by the coaxial gun and to detect 
the MRI and dynamo processes. Various 
diagnostics are installed on the vacuum 
chamber to make these measurements, 
including

(1) edge and internal magnetic probe 
coils to measure all three components 
of the magnetic fi eld, 

(2) a triple Langmuir probe to measure 
electron temperature and density and 
fl oating electric potential, 

(3) a Mach probe to measure ion-fl ow 
speed, 

(4) a charge-coupled device camera to 
capture movie sequences of plasma 
evolution as seen in visible light 
emission, and 

(5) a spectroscopy system to measure ion 
temperature and fl ows via Doppler 
broadened emission lines. 

More sophisticated probe arrays are being 
built by summer students to provide better 
diagnosis capability for the experiment.

Initial Experimental Data on 
FMP Plasmas

The fi rst FMP plasma was achieved in 
September 2003. Coaxial-gun plasmas 
were created using a new low-voltage 
technique4, allowing longer plasma pulse 
durations for a given stored energy. Our 
fi rst goal—to create and characterize the 
necessary plasma conditions to observe 
the MRI—requires the establishment of a 

Figure 2. The FMP experimental setup consists of a coaxial plasma gun (front, left) mounted on one end of a 
large, cylindrical metal vacuum chamber surrounded by magnetic coils. The circular plate inside the chamber 
can be biased to different voltages, providing axial plasma confi nement and some control over the potential 
profi les inside the plasma, which affects the azimuthal plasma rotation profi le. A cylindrical coordinate system 
is used.
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Figure 4. FMP plasma is globally diamagnetic. Axial magnetic flux 
(excluded flux) changes with initial axial magnetic field, which is verified 
at two axial (z) locations, and is labeled as Coil A for the top panel and 
Coil B for the bottom panel. In both panels, results for both  
argon (Ar, ) gas and hydrogen (H, ◊) gas are shown. The excluded 
flux is maximal when the initial axial magnetic field is about 100 G. 
The corresponding plasma (β) is between 30%-60%. The discrepancy 
in excluded flux between hydrogen and argon is likely due to their mass 
difference, which will be further studied experimentally.

rotating plasma within a certain range of 
density, temperature, magnetic field, and 
lifetime values. These ranges of values were 
determined from preliminary numerical 
calculations of the MRI, specifically 
for the geometry and conditions of the 
FMP experiment.5 These calculations 
also predict the initial growth rate of the 
instability and expected modifications 
to the profiles of the magnetic field and 
plasma pressure. The FMP diagnostics 
should be able to detect these signatures 
as the plasma transitions from a stable to 
unstable regime with respect to the MRI.

Camera images of the plasma evolution 
are shown in Figure 3. The images show 
that a plasma is generated in the gap 
between the coaxial gun electrodes. Then 
it flows out of the coaxial gun and quickly 
fills up the plasma chamber. An azimuthal 
rotation can also be detected from the 

images. Various probes, which are scanned 
in the radial direction, provide profile 
information on magnetic field strength, 
ion-flow speed, and electron density and 
temperature.

The initial experimental data suggest 
that we may have a quasi-steady plasma 
equilibrium in which high magnetic 
pressure at larger radii balances the 
thermal plasma pressure and at smaller 
radii balances the rotational-kinetic 
pressure. The large magnetic pressure 
at large radii is related to a plasma 
“diamagnetic” effect in which the axial 
magnetic flux in the interior is reduced 
from its initial value by being expelled 
to the edge. The net reduction is known 
as the excluded flux. Diamagnetic effect 
is measured using two large single-turn 
pickup coils that encircle the plasma. 
The coils are at different axial positions.

The result is summarized in Figure 4. We 
observed that the total excluded flux is 
maximized when the initial axial magnetic 
field is around 100 G. From the measured 
excluded flux and a magnetohydrodynamic 
equilibrium model, we estimate the 
plasma β (ratio of the total thermal energy 
to magnetic field energy) is between 30%–
60%. We have also observed growth of the 
local magnetic field (Figure 5), which will 
be investigated further in terms of both the 
MRI and dynamo.

Present experimental runs are now 
dedicated to characterizing the radial 
profiles of magnetic field, ion flow, and 
electron density and temperature more 
completely. This characterization will also 
be done for a variety of bias schemes on 
an internal bias plate in hopes of achieving 
the most desirable profiles for observing 
the MRI.

Figure 3. Evolution of an FMP plasma with a floating electrode (the black circle 
at center) located 1.5 m away from the coaxial gun (the brightest arc-shaped 
region corresponds to the coaxial gap between the coaxial electrodes). Volume light 
emission, as well as the bright spots on the floating electrode, appears to rotate 
from frame to frame. The vacuum axial magnetic field is 340 G; rotation frequency 
is 9.40 kHz (from magnetic probe measurements), which is slightly less than the 
interframe frequency of 11.2 kHz.

1.424 ms 1.513 ms

1.602 ms 1.691 ms
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Future Work

We plan to deduce the viscous damping 
term in the plasma force equation by 
measuring all of the other terms in the 
equation. This deduced viscosity will 
be compared to the theoretical value 
of viscosity based simply on Coulomb 
collisions between plasma particles. If 
the MRI is active, then we should expect 
that the experimentally deduced value for 
viscosity is higher than the classical value. 
Both MRI and dynamo will be studied by 
controlling fl ow profi les.
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